INTRODUCTION
Essential oils (EOs) obtained from aromatic plants have been widely used since the Middle Ages and numerous applications are still found today. Among others, they display interesting antimicrobial properties generally attributed to their high content of phenolic derivatives (Bakkali et al., 2008) . This also applies to EOs from edible plants such as oregano (Origanum sp.) . Origanum L. (Lamiaceae) is a circum-Mediterranean and Macaronesian genus with about 40 species. In Portugal there is only one wild species:
Origanum vulgare L. (Castroviejo, 2010) . This species is the most variable taxon of the genus and the only one commonly known as 'oregano' in most European countries (Tucker & Maciarello, 1994) . Two subspecies are accepted for this species: the typical one and the subspecies virens. In some parts of the Iberian Peninsula it is not easy to separate these two taxa, although subsp. vulgare does not occur in Portugal (Castroviejo, 2010) . That is the reason why some Portuguese floras (Franco, 1984) consider it a distinct species: Origanum virens Hoffmanns. & Link. This plant is traditionally used in Portugal and Spain in the treatment of respiratory and cutaneous infections and as a stomachic and antispasmodic (Cunha et al., 2007; Morillas-Sánchez & Fernández-Ló pez, 2006; Ronda et al., 1998) .
EOs from O. vulgare subsp. virens (Hoffmanns & Link)
Bonnier & Layens were first studied over 10 years ago (Alves-Pereira & Fernandes-Ferreira, 1998 ) and a series of biological activities have since been documented, including antioxidant activity (Barros et al., 2010; Ló pez et al., 2007) , anti-Giardia activity (Machado et al., 2010a, b) and antiinflammatory activity (Neves et al., 2010) . Origanum oil has also been found to display medically relevant antifungal activity in tests using a commercially available blend of oils from edible species of wild oregano against Candida albicans (Manohar et al., 2001) . That product inhibited the in vitro growth and germination of C. albicans and was also therapeutically effective in experimental models of murine systemic candidiasis when fed to the mice in welltolerated doses using olive oil as the vehicle (Manohar et al., 2001) .
In view of the traditional use of this plant in the treatment of cutaneous infections, the objective of the present work was to investigate the influence of intraspecific chemical profile variability on the antifungal activity of EOs from O. vulgare subsp. virens. We characterized the chemical composition of three EO samples by GC and GC-MS and then determined the minimal inhibitory and minimal lethal concentrations (MIC and MLC) for the oils and their main constituents against a collection of human-pathogenic species (including Candida spp., Cryptococcus neoformans, Aspergillus spp., and several dermatophyte isolates). The effects of the EOs on filamentation and on metabolic activity and cell membrane integrity in Candida albicans were also studied.
METHODS
Plant material. Aerial parts of three samples of O. vulgare subsp. virens were collected in the flowering stage in Central Portugal (samples 1 and 2, Viseu; sample 3, Soure). Voucher specimens were deposited at the herbarium of the Faculty of Pharmacy, University of Coimbra.
Essential oil isolation and analysis. The EOs from air-dried plant material were isolated by hydrodistillation for 3 h, using a Clevengertype apparatus according to the European Pharmacopoeia (Council of Europe, 1997) . The oils were preserved in a sealed vial at 4 uC. Oil analyses were carried out both by GC with flame-ionization detector (GC-FID) and by GC-MS using fused silica capillary columns with two different stationary phases (SPB-1 and SupelcoWax-10) as previously reported (Cavaleiro et al., 2004) .
The volatile compounds were identified by both their retention indices and their mass spectra. Retention indices, calculated by linear interpolation relative to retention times of a series of n-alkanes, were compared with those of authenticated samples from the database of the Laboratory of Pharmacognosy, Faculty of Pharmacy, University of Coimbra. Mass spectra were compared with reference spectra from a home-made library or from literature data (Adams, 1995; Joulain & König, 1998) . Relative amounts of individual components were calculated based on GC peak areas without FID response factor correction.
Reference compounds. Authentic samples of carvacrol and cterpinene (Fluka, 99.5 % purity), linalool (Aldrich, 99.0 % purity) and a-terpineol (Extrasynthese, 90.0 % purity) were used. Fluconazole was kindly provided by Pfizer as the pure powder and amphotericin B was from Sigma (80.0 % purity).
Fungal strains. Several yeast and filamentous fungal strains were used. The yeasts were four clinical Candida strains isolated from Antifungal activity. Broth macrodilution methods based on the Clinical and Laboratory Standards Institute (CLSI) reference protocols M27-A3 and M38-A2 (CLSI, 2008a, b) , for yeasts and filamentous fungi, respectively, were used to determine the MIC and MLC of the EOs and their major constituents. Briefly, inoculum suspensions were prepared at appropriate densities in RPMI 1640 broth (with L-glutamine, without bicarbonate, and with the pH indicator phenol red) from SDA or PDA cultures and distributed into 12675 mm glass test tubes. Inoculum densities were confirmed by viability counts on SDA. Serial twofold dilutions of each oil were prepared in DMSO and added to the cell suspensions in order to obtain test concentrations ranging from 0.04 to 10.0 ml ml 21 (keeping final DMSO concentrations below 2 %, v/v). Oil-free growth controls, as well as sterility and DMSO control tubes, were also included. The test tubes were incubated aerobically at 35 uC for 48 h (yeasts and Aspergillus) or at 30 uC for 7 days (dermatophytes), and the MIC values were then determined as the lowest concentration of the oil causing full growth inhibition. Quality control was performed by testing fluconazole and amphotericin B with the reference strains C. parapsilosis ATCC 22019 and C. krusei ATCC 6258, and the results were within the predetermined limits (data not shown). To measure MLCs, aliquots (20 ml) of broth were taken to SDA plates after MIC reading from each negative tube, plus the first tube showing growth (to serve as a growth control), and incubated at 35 uC for yeasts and Aspergillus, or 30 uC for the dermatophytes, until growth became apparent. MLCs were the lowest concentrations of the EOs for which no fungal growth was visible. All experiments were performed independently three times; a range of values is presented when different results were obtained. (Marichal et al., 1986) and adjusted to obtain a density of 1.0±0.2610 6 c.f.u. ml
21
. The three EO samples of O. vulgare subsp. virens were dissolved and diluted in DMSO, and added in 10 ml volumes to 990 ml of the yeast suspensions (final DMSO concentration 1 %, v/v) in order to obtain a series of subinhibitory concentrations (1/2 to 1/64 of the MIC). The samples were incubated for 3 h at 37 uC without agitation and 100 cells from each sample were then counted in a haemocytometer to determine the percentage of germ tubes. Germ tubes were considered positive when they were at least as long as the diameter of the blastospore. Cells showing a constriction at the point of connection of the hypha to the mother cell, typical for pseudohyphae, were excluded. The results are presented as means±SD of three independent experiments.
Flow cytometry. Yeast suspensions were prepared in PBS with 2 % (w/v) D-glucose from overnight SDA cultures of C. albicans ATCC 10231 at 35 uC and adjusted, using a haemocytometer, to a final density of 2.0±0.2610 6 c.f.u. ml
. Serial twofold dilutions of the EO with a high amount of carvacrol (sample 2) (final EO concentrations of 0.32-10.0 ml ml 21 ) and a single solution of amphotericin B (2 mg ml 21 ) in PBS with 2 % (w/v) D-glucose were added to the cell suspensions and the mixtures were incubated at 35 uC in a humid atmosphere without agitation. Antibiotic and EOfree control tubes were included in every experiment. Different incubation times were tested (data not shown) to identify the shortest incubations allowing altered staining in almost all the cells treated with the range of EO concentrations employed. Incubation periods with amphotericin B and the EOs of 30 min and 3 h preceding FUN-1 (Invitrogen) and propidium iodide (PI; Sigma) staining, respectively, were selected. After the incubation, the cells were washed in PBS and resuspended in 500 ml PBS with 2 % D-glucose (w/v) for FUN-1 staining and in PBS for PI staining, respectively. Five microlitre volumes of the FUN-1 and PI solutions were added to the cell suspensions in order to obtain final concentrations of 0.5 mM for FUN-1 and 1.0 mg ml 21 for PI. FUN-1-stained cells were incubated for a further 20-30 min at 35 uC, away from incident light, while PIstained samples were read after about 10 min at room temperature. Unstained cell suspensions were included as auto-fluorescence controls. Flow cytometry was performed using a FACSCalibur (Becton Dickinson Biosciences) flow cytometer with a 488 nm blue argon laser emitting at 15 mW, and the results were analysed using CellQuest Pro software (Becton Dickinson). Intrinsic parameters (forward and side scatter, for relative cell size and complexity analysis) and fluorescence in the FL2 channel (log yellow/orange fluorescence, bandpass filter 585/42 nm) for FUN-1, and the FL3 *The values in columns 1 and 2 are GC retention indices relative to C 9 -C 23 n-alkanes on the SPB-1 and Supelcowax-10 columns, respectively. DCompounds are listed in order of elution from the SPB-1 column. Major components are highlighted in bold. dt, trace (¡0.05 %); -, not detected.
channel (log red fluorescence, longpass filter .650 nm) for PI were acquired and recorded for a minimum of 7500 events per sample using logarithmic scales. For data analysis quadrants were adjusted in density plots of fluorescence intensity of control samples in order to include a maximum of 5 % of the cells in the lower or upper right quadrant, for FUN-1 and PI, respectively, and then used in the analysis of the remaining samples to quantify the percentages of cells showing altered fluorescence in comparison to the drug-free controls (see Fig. 1 for examples) . Results are presented as means±SD of at least three independent replicate experiments.
Epifluorescence microscopy. Yeast suspensions treated with EO sample 2 and stained with FUN-1 as described above for flow cytometry were centrifuged at 13 000 r.p.m. for 5 min and resuspended in 20 ml PBS. Then 10 ml drops of each cell suspension were mounted on glass microscope slides, covered with a coverslip and sealed with nail polish. Microscopy was carried out using an Eclipse E400 microscope (Nikon), with epifluorescence illumination provided by a 100 W mercury arc lamp and using a 450-490 nm bandpass excitation filter, a 505 nm dichroic beamsplitter filter and a 520 nm longpass emission filter. Photomicrographs were acquired with a Nikon ACT-2U imaging system and software.
RESULTS AND DISCUSSION

Chemical composition and variability between samples
The EOs were obtained in yields ranging from 0.8 to 1.2 % (v/w). The samples were analysed by GC and GC-MS; their qualitative and quantitative compositions are presented in Table 1 , where compounds are listed according to their elution on a polydimethylsiloxane column. Monoterpenes were the main group of constituents in all samples. However, marked quantitative differences were found, particularly in the amounts of c-terpinene (0.3-34.2 %), linalool (2.0-27.4 %), a-terpineol (0.1-65.1 %) and carvacrol (0-34.2 %). Concerning sesquiterpenes, the main differences were found in the amounts of E-caryophyllene (2.4-11.0 %). These results indicated high intraspecific variability within the EOs of O. vulgare subsp. virens. Our previous studies pointed to carvacrol (68.1 %) as the main compound of the EOs obtained from plants collected in the north of Portugal (Trás-os-Montes) (Salgueiro et al., 2003) .
Such high polymorphism has also been observed in O. vulgare subsp. virens from other origins, as reported by Figuérédo et al. (2006) . The main constituents of the Italian oil in their study were linalool (10.1-70.1 %), bcaryophyllene (2.9-18.8 %), carvacrol (,0.1-13.7 %), terpinene-4-ol (,0.1-15.1 %) and a-terpineol (,0.1-68.3 %), whereas the main compounds of the French oil were thymol (3.7-9.6 %), b-caryophyllene (7.2-10.6 %), sabinene (6.5-11.8 %), germacrene D (22.1-25.7 %) and linalool (76.8 %).
Chemical variability is common in wild aromatic plants, even for plants collected in the same habitat, and can be responsible for different biological activities among extracts obtained from the same taxon.
Antifungal activity
The antifungal activity of the EOs was initially tested using a broth microdilution method. However, the EOs were found to dissolve the polystyrene of the microtitre trays, and the results were inconsistent (data not shown). Furthermore, incubation in microtitre trays also appeared to allow high evaporation of the volatile EOs, leading to an underestimation of the antifungal activity. We subsequently adopted the broth macrodilution format in glass test tubes. The three EOs exhibited wide-spectrum fungicidal activity with variable potencies (Table 2) ; the most potent oil was sample 2 (MLCs between 0.32 and 1.25 ml ml 21 for all tested fungi), and the least potent was sample 3 (MLCs 0.32-20.0 ml ml 21 ). Furthermore, MLCs were generally equal to or just one log 2 dilution above the corresponding MICs, with the exception of the Aspergillus spp. tested. In this case, MLCs were up to three dilutions higher than MICs ( Table 2 ). The difference in activity between the EO samples may be correlated with the difference in their chemical composition (Table 1 ). In fact, considering the individual antifungal activity registered for the main constituents when tested alone (Table 2) , it is not surprising that sample 2, showing carvacrol as the main constituent, with a proportion of 34.2 % of the total oil (Table 1) , was the one displaying the highest activity (Table 2 ). In fact, carvacrol showed the highest potency among all the tested products (Table 2) . These results are in agreement with our previously published report for anti-Candida activity (Salgueiro et al., 2003 ). The EO sample tested at the time was chemically most similar to sample 2 of the EOs tested in the present study. It included 68.1 % carvacrol as the main constituent and also displayed MIC and MLC values most similar to sample 2 (Salgueiro et al., 2003) . A study on the antimicrobial activity of EOs from four samples of O. vulgare subsp. virens obtained from a different region of Portugal (Madeira island) has been published recently (Castilho et al., 2012) . The results reveal a high antifungal activity, with MIC values comparable to those we obtained with our samples. The EOs studied had low contents of carvacrol (6.75 % at most) and their activity appears to be due, rather, to a high thymol content (Castilho et al., 2012) .
Inhibition of filamentation in C. albicans
All three EO samples were able to produce complete inhibition of germ tube production in C. albicans at subinhibitory concentrations (Table 3) . Considering the test concentrations in absolute values, the most active EO sample in this assay was sample 1, followed by sample 2 and, again as the least active, sample 3 (Table 3) . These results reflect a higher activity of sample 1 and sample 3 in proportion to the respective MIC values and should follow the corresponding activities of their individual chemical constituents. These results may perhaps correlate, at least in the case of sample 1, with a higher content of c-terpinene, which we have previously found to produce complete inhibition of filamentation when tested alone at concentrations as low as *MIC and MLC were determined by a macrodilution method and expressed in ml ml
21
. DMIC and MLC were determined by a macrodilution method and expressed in mg ml 21 . Antifungal activity of Origanum vulgare subsp. virens 0.02 ml ml 21 (data not shown). Among the three C. albicans strains tested, the inhibition of germ tube production appears to be somewhat lower against C. albicans ATCC 10231, an effect that did not extend to cell growth inhibition or lethality results. This discrepancy probably results from a similar pattern of activity of either the respective main constituents or the interactions between them, although further investigation would be required to fully elucidate the reasons. In any case, germ tube inhibition has long been thought to be required for virulence in C. albicans (Mitchell, 1998) , making these results even more interesting. Recent reports show that the inhibition of germ tube production alone may actually be sufficient to cure systemic candidiasis (Saville et al., 2006) , thus suggesting it may be a good target for new antifungal agents.
Mechanism of action
Flow cytometry analyses following FUN-1 staining (Fig. 2 , white bars) revealed a dose-dependent metabolic arrest in C. albicans ATCC 10231 after treatments with a series of concentrations of EO sample 2. The probe permeates freely into fungal cells, where it is distributed in the cytoplasm as a diffuse green stain, and is then converted to orange/ yellow cylindrical intra-vacuolar structures (CIVS) only by metabolically active cells showing intact cell membranes (Millard et al., 1997) . After a 30 min incubation period, about 80 % of the cells showed altered FUN-1 staining at concentrations of the EO starting from 2.5 ml ml
21
, a similar result to that obtained with the amphotericin Btreated control (at 2 mg ml 21 , two log 2 dilutions above the respective MIC of 0.5 mg ml
). An unexpected reversion of that result was found for the highest EO concentration tested, 10 ml ml 21 (Fig. 2) . In order to clarify this result, indicating a paradoxical loss of activity at that concentration, we performed epifluorescence microscopy of the cells stained with FUN-1 after treatment with sample 2 in the same conditions as used for flow cytometry. The results confirmed that the number of CIVS observed decreased with increasing oil concentrations and that at 10 ml ml 21 , as was the case already at 5 ml ml 21 , these structures were completely absent (see Supplementary Fig. S1 , available with the online version of this paper). Thus the reduction in the percentage of cells showing altered fluorescence obtained with flow cytometry must be an artefact, probably resulting from an increased bright green/yellow diffuse staining at that concentration.
Regarding PI staining (Fig. 2, black bars) , virtually all cells showed EO-induced staining after a minimum of 3 h of incubation with 10 ml ml 21 of sample 2. Amphotericin B, on the other hand, did not lead to PI staining under the test conditions. Amphotericin B is known to lead to disruption of cell membranes, however, and we did find over 90 % staining after 24 h incubations (data not shown). PI staining indicates dead cells having severely damaged membranes with pores disrupting their normal selective permeability (Pinto et al., 2008) , through which the dye penetrates and binds to nucleic acids. The present results show a few discrepancies when compared to those previously reported by our group (Salgueiro et al., 2003) .
In that study, the EO was found to lead to a rapid (,5 min) staining of most cells at MIC values. Although the reasons for this discrepancy are not completely clear from the available data, the difference may arise from the fact that the previously tested EO contained almost 70 % carvacrol, in comparison to roughly 35 % of sample 2 in the present study. Additionally, there are differences in methodology between the flow cytometry analyses employed in the two studies.
In any case, these results are in agreement with the assumption that EOs disrupt the structure of biological membranes (Bakkali et al., 2008) , leading to a permeabilization compatible with rapid PI penetration. The mechanism of action of EOs is still controversial, however. A mechanism based on EO penetration into the micro-organism, followed by interaction with active sites of enzymes and/or interference with the cellular metabolism, has been suggested, but there is apparently more support for a less specific direct disruption of cell membranes and concentration-dependent pro-oxidant cytotoxicity (Bakkali et al., 2008) . Our results confirm that the EO of O. vulgare subsp. virens does lead to disruption of cell membranes, resulting in cell death. The fact that FUN-1 staining clearly precedes PI staining may, however, point to the accumulation of earlier, less drastic, effects. A possibility is an initial damage to mitochondrial membranes, disturbing the electron-transport chain and generating free radicals that proceed to damage essential biomolecules (including lipids, proteins and nucleic acids). In this context, these effects eventually lead to the disruption of cytoplasmic membranes evidenced by PI staining.
Conclusion
Taken together, our results confirm the EO of O. vulgare subsp. virens as a broad-spectrum antifungal agent causing generalized cell death in fungi. The fungicidal activity against Candida spp. and dermatophytes frequently responsible for mucosal and skin infections justifies the traditional use of this plant in the treatment of cutaneous infections and its potential for clinical use. Furthermore, there is high chemical variability between EOs from different samples, leading to important variability in antifungal potency. Considering these results it would be very useful to promote the crop culture of plants with high levels of carvacrol and c-terpinene, in order to guarantee an end product of quality and homogeneity. 
